Abstract A decision support system has been developed in New Zealand which links national databases with a physically-based, basin-scale surface water quality model within a geographical information system (GIS) interface. In this study, the system is applied to a drainage basin in southern Germany, part of which is underlain by an aquifer which provides water for potable supply. The contamination of the groundwater resource by nitrate is of much concern in this area, and to aid in the prediction of groundwater contamination, the system is modified so that it can predict the concentrations of nitrate leached to groundwater. Model predictions over a six year period are compared with measured flow and concentration data from the river and concentration data from numerous boreholes. Model output in terms of nitrate leaching is displayed as a map over the extent of the aquifer so that areas particularly susceptible to nitrate leaching can be identified.
INTRODUCTION
The problem of nitrate leaching to surface water and groundwater has been studied in great detail over the past 10-15 years. Research on this topic in Europe has focused in recent years on the EU Directive on Nitrate in Drinking Water (CEC, 1991) which required compliance by European Union member states by 1995. This directive set a maximum admissible concentration of 11.3 mg nitrate-nitrogen (NO3-N) per litre in water sources which were used for potable supply, and required member states to designate areas where nitrate concentrations were particularly high as Nitrate Vulnerable Zones.
On a local level, the city of Freiburg, Germany, and its surrounding area abstracts drinking water from the sand and gravel aquifer in the nearby Zartener Becken. The groundwater in this area has been investigated in detail, including modelling, monitoring and tracer studies (e.g. Ehrminger & Herdegg, 1992) . The problem of groundwater contamination in this area is also highly relevant. Farmers in the basin are restricted both on the amount and the timing of fertilizer applications. However, no modelling exercise has been undertaken which could predict how much contaminant (nitrate in this case) is being leached out of the soil for each particular land use.
Recent advances in basin-scale hydrological modelling have seen the widespread application of GIS as a tool for generating, displaying and analysing spatial data, as illustrated by the content of international hydrology and GIS conferences (e.g. Kovar & Nachtnebel, 1996) . This study demonstrates the application of such a GIS-based modelling system, known as the Catchment Decision Support System or CDSS , to the drainage basin area incorporating the Zartener Becken in order to predict the nitrogen (N) load of the river and the nitrate concentrations leaching to groundwater. The CDSS has been specifically designed for basin-scale modelling exercises in New Zealand, and its application to a German basin provided a good test of its ability to model contrasting environments.
BASIN DETAILS
The Zartener Becken is located in the drainage basin of the River Dreisam, upstream of the Ebnet gauging station, as illustrated in Fig. 1 . The broad valley of the Zartener Becken represents one of two contrasting geomorphological units which make up the Dreisam basin. The rest of the basin, part of the Schwarzwald (Black Forest) mountain range, is characterized by a dissected plateau surface reaching up to 1500 m a.s.L, with steep v-shaped valleys. It is made up of ancient impermeable metamorphic rocks, mainly gneiss, of between 450 and 500 million years old. The confluence of the River Dreisam with a number of smaller rivers at the foot of the Schwarzwald, and the deposition of quaternary fluvial-glacial sediments in this area has formed the Zartener Becken. These sediments-chiefly sands, silt, gravels and loess-form a number of river terraces. The deposits are generally between 30 and 40 m thick (Frieg, 1987) , and are an important groundwater source for the city of Freiburg and surrounding settlements. Further characteristics of the Dreisam basin are described in more detail in a following section covering model data requirements.
The Catchment Decision Support System
The CDSS is the result of linking the national climate, water resources and land use databases for New Zealand with a basin-scale water quality model, using an ARC/INFO GIS interface (Fig. 2) . The model in question, known as Basin New Zealand (BNZ) was developed by Cooper et al. (1992) model (Knisel, 1980 ). The CREAMS model was designed to predict runoff, soil erosion, and the transport of nutrients and pesticides from agricultural land in the USA. The development of CREAMS into BNZ required changing the model parameters so that it could be used under New Zealand agricultural conditions, and increasing the scale at which the model was employed. CREAMS itself works only on a field scale, but BNZ can be applied over the whole drainage basin, by dividing the area into equal size grid cells and applying the modified CREAMS routines to each of these. The outputs from each cell are then routed through the drainage network firstly to sub-basin outlets, and then these outputs are further modified by in-stream attenuation before reaching the basin outlet. In this way BNZ is described as a deterministic, physically-based distributed model. The structure of the BNZ model is illustrated in Fig. 3 . More detailed descriptions of the model components are beyond the scope of this paper, and can be found in the BNZ and CREAMS user manuals (Bottcher & Cooper, 1994; Knisel, 1980 
Basin outlet
The employment of a GIS to provide model spatial input data is not a new concept and has been implemented in a number of distributed hydrological models, notably TOPMODEL (Romanowicz et al., 1994) and the Precipitation Runoff Modelling System (Flugel, 1995) . However, the linking of BNZ with an ARC/INFO interface was specifically designed to provide the input data required by BNZ, and also to provide an interface so that the automation of a number of time consuming operations such as the selection and downloading of climate data, the generation of spatial model input parameters, running BNZ, and the visualization of model output in the form of colourcoded maps, could be undertaken within the same user environment. This form of model output is very helpful to managers and policy makers in presenting a basin-wide picture of water quality and highlighting areas at risk of delivering high nutrient or sediment loads. The application of GIS technology also allowed a significant improvement in the accuracy of the spatial input data and the scope for testing various combinations of spatial inputs. The generation of BNZ spatial input files through overlaying of land use, soil, topographic and drainage network maps can easily be replicated for different grid cell sizes, different land use coverages and different networks of sub-basins.
BNZ has been used successfully in predicting runoff, nutrient and sediment load from a number of agricultural basins in New Zealand (e.g. Cooper et al, 1992; Cooper & Bottcher, 1993; Thorrold et al, 1996) . BNZ can be used to calculate daily, annual or average annual runoff, nutrient and sediment loads from a basin, although from experience in New Zealand the model has been found to work best over annual and average annual time steps (Cooper & Bottcher, 1993) . As BNZ is a physically-based deterministic model, a closer fit is obtained between measured and predicted values by optimizing some of the model parameters. Initially the model is calibrated in terms of runoff, then further optimization concentrates on producing accurate sediment and nutrient load estimates. Once the parameters are optimized and a close fit has been obtained, the model can be validated against more measured values and then re-ran testing various scenarios as desired by the user. It is in this role that BNZ has been particularly useful in basin studies in New Zealand (e.g. Rodda et al, 1997; Thorrold et al, 1997) . In the case of the Dreisam basin, the initial study to test the application of BNZ went as far as the model calibration.
Model requirements, data collection and model set-up
In order to undertake a BNZ simulation, data are required describing the climate, soils, land use, topography and drainage of a basin. Further data are required on river flow, sediment and nutrient loads, for validating the model. The sources for these data for the Dreisam basin were as follows:
Climate data The climate data are required to calculate the annual water balance through using a modified Priestley-Taylor method to calculate évapotranspiration developed by Ritchie (1972) . To obtain this, BNZ requires daily rainfall and mean monthly temperature and radiation. These first two measurements were available from the Freiburger Energie und Wasserversorgungs-AG (FEW) in Freiburg ( Fig. 1) , whereas the mean monthly radiation had to be calculated from daily radiation provided in the national annual weather statistics. The time lag involved in producing these statistics meant that only the years up to 1993 were available, so the selected time period for the model simulation was taken from 1988 to 1993. One limitation of BNZ is that it can only use a single rainfall record as model input. This is primarily because it was designed for use in small basins where rainfall was not considered to vary greatly. Rainfall measured at the Freiburg station was, however, a significant underestimate of the true basin value, since a range of annual rainfall was present across the Dreisam basin: from around 900 mm in the valley floor to 1750 mm on the upper slopes (Mehlhorn et al, 1997) . The daily rainfall data had to be adjusted based on altitude to give a more feasible basin average. The adjustment used a rainfall gradient of 60 mm/100 m derived from other hydrological studies in the Dreisam basin (Mehlhorn, personal communication) , giving a basin average (1988) (1989) (1990) (1991) (1992) (1993) of 1486 mm.
Land-use data BNZ requires a map showing the location of the different types of land use in the basin along with a detailed land use parameter file which describes each land use class. The key parameters for this land use file are the type of farming, the amount and timing of fertilizer applications, and the stocking density.
An overview of the land use for the Dreisam basin shows a highly fragmented and mixed farming pattern on the valley floors, with either deciduous or coniferous forest covering the valley sides and the upper slopes of most of the basin. Occasional areas of summer grazing are situated in the upper valleys and on the high mountain areas where the forest has been cleared. Land use maps and the associated information required for the land use parameter files were very difficult to obtain. The fragmented and mixed nature of the land use in the Zartener Becken made mapping very difficult. Approximately 60% of the land area was under cut pasture and 40% under crops, although the exact locations changed from year to year as farmers would rotate the type of farming practised in a given field. Fields were small often under one hectare in size and farmers could have a network of unconnected fields scattered over a wide area. All the pasture was cut for hay or silage, and not grazed. The crop land consisted of maize, wheat, potatoes and other root crops.
This pattern of land use made it extremely difficult to represent individual land use classes in the BNZ cells. A classification of land use was made instead using the land management requirements of the Zartener Becken Wasserschutzgebiet (water protection area), which classified land into three zones. Zone 1 is a 50 m buffer around boreholes and other water sources, no fertilizer application or agricultural activity of any sort is permitted. Zone 2 is delineated based on groundwater flow calculations, in that a minimum groundwater residence time of 50 days is required for water percolating into this zone to reach the bore hole. Inorganic fertilizer is allowed at up to 80% of the recommended application, but no organic fertilizer is permitted. The remainder of the land in the water protection area is classified as zone 3. Both inorganic and organic fertilizer are allowed in this zone, but inorganic applications are limited by the same amount as described for zone 2, and slurry applications are forbidden between 15 October and 31 January. A map showing the location of these zones was provided by the Amt fur Landwirtschaft und Bodenkultur (Freiburg Agricultural and Soil Science Office); this was digitized to provide the land use coverage required for BNZ. Areas of zone 1 land were neglected at this stage as the 50 m buffer distance was a too small a scale to be registered on the BNZ cell network (the minimum cell size is 1 ha). Estimates of the fertilizer application for these zones and other land use parameters were obtained from a State Agricultural Office report (Ministerium fur den lândlichen Raum, Landwirtschaft und Forsten, BadenWiirttemburg, 1987) .
Elsewhere in the basin the land use classes were much easier to identify. The distribution of forest, upland pasture, and urban areas are clearly marked on 1:50 000 topographical maps, and were digitized to complete the land use coverage. The upland pasture areas were grazed by cattle between May and September, with a stocking density of one animal per hectare. Slurry was also applied during these months but no inorganic fertilizer was applied.
Although BNZ is not specifically designed to simulate forested or urban land, these land uses have been successfully simulated in New Zealand by changing the model parameters . Basically the parameters are adjusted to produce a much higher évapotranspiration for forested land and to account for greater runoff from the larger proportion of impermeable surfaces in urban land. All the forestry was classified as coniferous, since this was the predominant species. The total fertilizer application rates and timing for each of the land use classes are indicated in Table 1 . An additional 25 kg N ha" 1 year" 1 was included for each of the land use classes to account for the atmospheric deposition of N. A map of land use in the Dreisam basin is illustrated in Fig. 4 .
Soil data
As with the land use data, soil data were required in the form of a map showing the different soil classes and a file with the parameter values for each soil type. Soil maps at a range of scales were available from the Geologisches Landesamt (State Geological Office), Baden-Wûrttemburg. Since the Dreisam basin occupied quite a large area, a coarse-scale soil map of 1:200 000 was used to delineate the different soil classes. The use of this scale was justified because the grid cell size taken for the BNZ simulation was also coarse (10 ha), and because, after an examination of the soil types in the area and a discussion with soil scientists from the Institut fur Bodenkunde (Institute of Soil Science) at Freiburg University, a finer resolution would not show significant changes in the distribution of soil types in relation to the key BNZ soil parameters. The soil types were finally grouped into five classes, as shown in Table 2 .
Most of the required BNZ soil parameters were listed in an accompanying report to the 1:200 000 map (Geologisches Landesamt Baden-Wurttemberg, 1994) . In cases where information was not available, for example some of the soil chemistry parameters, the parameter values were estimated from suggested values given in the CREAMS user manual. A map showing the distribution of soil types is given in Fig. 5 .
Topographic and drainage data BNZ requires topographic data to calculate the slope and elevation for each grid cell, and to delineate the sub-basin boundaries. Along with the topographic data, a map of the stream channel network and the riparian wetland zones is required. Topographic data were available in digital format as a grid network of spot heights at 50 m intervals. These data were imported into ARC/INFO 
Black Forest slopes
Black Forest mountain and used to compute the slope and elevation of each grid cell and to calculate the basin boundary. The data were also used to provide a 50 m contour map of the area and to generate the digital elevation model as required by BNZ to calculate slope and elevation for each cell. The river channel network and riparian zones were digitized from the 1:50 000 topographic map. A combination of the contour map and the river channel network was used to map a total of nine sub-basins for the whole Dreisam basin. More detailed hydrological maps such as the distribution of areas of the basin which generate surface runoff are not required as these distributions are predicted by the model simulation.
Validation data Measured data from the basin outlet are required in order to test and validate BNZ. In this case, daily mean flow data were available for the Ebnet station, so that an annual discharge could be calculated. Instantaneous nitrate concentrations were also regularly measured at the same site. The annual nitrogen load could therefore be calculated by combining the concentration with the flow data using an interpolation technique, described by Littlewood (1992) . Groundwater nitrate concentrations, available from a previous study of groundwater quality in the Zartener Becken (Rolke et al., 1996) , were used for testing the accuracy of BNZ at predicting nitrate leaching to groundwater.
Modifications to predict leaching to groundwater
New routines were incorporated into the CDSS to predict the concentration of nitrate leached to groundwater. This involved overlaying the BNZ grid cell outputs for percolation (mm) and leached nitrate (kg N ha" 1 ) on a map showing the extent of the Zartener Becken aquifer. In this way any percolation and leaching elsewhere in the basin was not included as contributing to the groundwater. Output in terms of concentration was calculated by converting the mm of percolation into a volume, and dividing the kg N leached by this value for each corresponding cell. These operations were made possible by the ARC/INFO GRID option, available within the CDSS. The finalized output was given as a colour-coded grid cell map for the extent of the Zartener Becken. The grid cell size remained the same as that used for the BNZ simulations.
RESULTS
The model was first calibrated in terms of the runoff predictions. Initial estimates were much lower than the measured values. Better estimates were obtained through reducing the leaf area index days parameter, which effectively reduced the évapotranspiration. This gave an average annual runoff of 596.6 mm compared to an average measured runoff of 596.4 mm for the period 1988-1993. A comparison of annual predictions with measured values (Fig. 6) illustrates that the fit was maintained to within ±15% throughout the study period. As the model simulations were made over a run of years any further model calibration for individual years was not required.
Model simulations focusing on the prediction of river N load and nitrate leaching to groundwater were then undertaken using the three land use scenarios given in Table 1 . In terms of the model predictions for river N load, the measured values were consistently higher than the predicted load for all three scenarios, as illustrated in Table 3 . The predictions were on average approximately only 60% of the measured value and increasing the amount of fertilizer applied in scenarios 1, 2 and 3 gave only an increase in total N load of 2.5%. The performance of the model load predictions on a year by year basis for scenario 3 is illustrated in Fig. 7 . Results of the model predictions for nitrate leached to groundwater (1988-1993 average) are illustrated on a cell by cell basis by the maps in Fig. 8 . The first three maps show the predictions from scenarios 1, 2 and 3, and a fourth map shows the average borehole nitrate concentrations measured for the period 1987-1993 (Rolke et al, 1996) as a comparison. A summary of these values are listed in Table 4 . closer to the measured values. In terms of the river N load predictions, the reasons why the predicted values were so much lower than the measured values are most likely to include the effects of acid rain on N cycling and transport in forested areas of the basin. BNZ cannot adequately model the nutrient cycling which occurs in forest systems as it was designed for agricultural systems, and since a significant proportion of the basin is under forestry (65.8% of the land area), this is bound to have an effect on the accuracy of the model. A number of studies in Europe and North America (e.g. Reiter et al, 1986; Aber et al, 1989; McNulty et al, 1990) have found that acid rain promotes high losses of nitrate from forested land due to the input of N being surplus to the ecosystem nutrient requirements and increased N mineralization rates. Kreutzer et al. (1989) measured NO3-N concentrations in leachate up to 250 mgi" 1 following simulated acid rain in an experiment in Bavaria. Large quantities of N are also released to rivers in these basins during snowmelt (Cronan, 1985; Littek & TrefzMalcher, 1985) . BNZ predicted that forested areas of the Dreisam catchment would generate an average N load of 46 kg Nha'
1 . This value included 25 kg Nha" 1 as atmospheric N input to the model. The same average N load was calculated however without the atmospheric N deposition. This is because the forested areas are behaving as low intensity agricultural land and any increased nutrient inputs are taken up by the plant. Assuming that this input of atmospheric N to the forested land is transported directly to stream flow, then a total of 440 Tonnes of extra N would be added to the N load. This would make the predicted N loads as presented in Table 3 significantly closer to the measured values (within 95% for average loads).
Sewage effluent in the Zartener Becken would not contribute to the N load of the Dreisam because it is piped to a treatment plant outside the basin to the northwest of Freiburg. Other point sources such as N in surface runoff from farm yard and other impermeable surfaces would only represent a very minor contribution to the overall N load.
Another aspect of the comparison between modelled and measured river N load is that a degree of error will be associated with the N load calculated from the measured data. The calculation of the N load from the measured data was limited in that only values for total annual flow and monthly instantaneous concentrations were available. Littlewood (1992) suggested that errors of up to ±70% were found when using this interpolation technique to calculate the annual sediment load. However, the N load is not so heavily dependent on the flow as the sediment load, and is more affected by the availability of N to be lost from the soil. Rodda (1993) found that annual N load estimates based on 12 instantaneous concentration and flow measurements could be accurate to within 3% of the true load, at a 95% confidence level. It is assumed that these errors would be more representative of the error associated with the load estimates for the Dreisam basin.
The model performance in terms of predicting N leaching to groundwater was much better than in predicting the river N load. The main reason for this was that the area of the Zartener Becken aquifer corresponded almost exactly to the land use zones 2 and 3. This meant that the simulation of N leaching was taken only for intensive agricultural land and was not complicated by inaccurate representations of forested areas. Although the fertilizer application rates were estimated from a knowledge of the local farm management practices, the majority of soil and nutrient parameters could be optimized with more confidence than those describing the upland forest or rough grazing land use classes. Some uncertainty in the model predictions will remain, however, because high leakage rates from the channel system to groundwater are known in the Zartener Becken (e.g. Ehrminger & Herdegg, 1992) . It must be noted that with groundwater N concentrations ranging over approximately 20 mg F 1 , there is not the same magnitude of variation as with the river load values. In addition, the fact that only average values over the six year period were compared further reduces the differences between measured and predicted groundwater concentrations.
In terms of the model accuracy for predicting N leaching to groundwater, the results suggest that scenario 3 is the best representation of the present land use. This is reflected not only in the closer mean and maximum values from Table 4 , but also in the maps in Fig. 8 . The measured data, although concentrated in the western half of Zartener Becken, show highest values along the northern edge of the aquifer and lower values in the south. This pattern is most closely replicated by Scenario 3, although the highest modelled nitrate concentrations are in the central part of the basin. Both the modelled and measured concentrations are lower in areas classed as urban where no N is applied as fertilizer and nutrient cycling parameters are chosen to reflect a very low intensity system.
Although the BNZ predictions of leaching to groundwater compare favourably with the measured values, the predictions only represent what is actually being leached from the soil as opposed to what will end up in the groundwater. The nitrate concentration can be reduced through denitrification (e.g. Fustec et al., 1991) , dilution from the influx of groundwater of lower nitrate concentrations, and the effect of groundwater flow velocities. This last effect tends to reduce the mixing of solutes so that higher concentrations are found in the upper layers (Burden, 1982) , making the aquifer nitrate concentration also dependant on borehole depth.
A more accurate prediction of groundwater N concentrations can be obtained if a specific groundwater quality model is linked to the BNZ outputs. Such a model would predict the groundwater flow and hence the mixing of waters with different concentrations, and also the chemical transformations of N in the groundwater. A review of groundwater models undertaken during this study found potential for linking the system with the USGS MODFLOW (McDonald & Harbaugh, 1988) and GWFLOW (Leavesley et ai, 1983) models. BNZ outputs in terms of N leaching could be used as inputs to these groundwater models.
CONCLUSIONS
This exercise has demonstrated the application of a decision support system based on a GIS interface to predict nitrate leaching to groundwater and river N loads for a medium sized basin in southern Germany. A poor agreement between the modelled and predicted river loads could be improved by re-running the model and incorporating revised N inputs to the river from the forested areas of the basin. Results from acid rain studies should be incorporated to provide a scientific basis for generating these refined forest N losses. The model is much more accurate at predicting N losses to groundwater in the most intensive agricultural part of the basin. The use of three land use scenarios with different rates of fertilizer application found that the N leaching from the highest rate of fertilizer is closest to measured borehole nitrate concentrations. This illustrates the model's ability to be applied to agricultural areas outside of New Zealand to predict diffuse pollution. It also demonstrates how the CDSS can be used for management purposes in delineating areas of a basin where nitrate leaching is particularly high, and some form of remedial measures could be imposed to limit nitrate leaching such as restrictions on fertilizer application or types of farming.
A more comprehensive investigation of groundwater contamination could be achieved through combining BNZ with purpose built groundwater models. The study demonstrates the usefulness of having a GIS-based system, without which the combining of spatial properties such as land use, soils, and geology; and the ease at which new model simulations can be made using different input data would not be possible.
